The simulation of heat transfer during thermal treatments of foods requires the knowledge of thermophysical properties of the material. In this study some thermophysical properties of okara, such as density, specific heat, thermal conductivity, thermal diffusivity, heat transfer coefficient, and mass transfer coefficient, were obtained during a drying process. Okara was extruded in the shape of spherical pellets and then dried in a fixed bed dryer from 78% of moisture content (w.b.) until 3%. During the drying process, the water content and the temperature of the samples were periodically measured. The thermal properties were obtained from empirical correlations found in the literature, which use the okara centesimal composition, analyzed in a laboratory, and the relative humidity and velocity of the drying air, measured during the process. The results in this study showed that it is possible to estimate the thermal properties cited using the experimental moisture content history and the centesimal composition of the food.
INTRODUCTION
The thermophysical properties of food play an important role in the project of equipments and processes that involve heat and mass transfer, such as drying and freezing of foods, because they are needed in the calculation of thermal charges, energetic dispends, and equipment dimensions. [1, 2] Properties such as density, thermal diffusivity, specific heat, and thermal conductivity of the food material are used to estimate the energetic demand and also to predict the microbiological and biochemical spoilage, representing a tool for food safety and quality control. [3, 4] The methods used to measure the thermophysical properties of foods can de divided in steady and non steady state methods, as can be found in scientific literature. [1, [5] [6] [7] [8] The line heat source probe is recommended for measuring thermal conductivity of foods because of its simplicity, fastness, convenience, low cost, and suitability for small sample sizes as related in Sweat. [8] The most recommended method to obtain specific heat is the differential scanning calorimeter as cited in Mohesnin. [9] Thermal properties like thermal conductivity and thermal diffusivity can be measured by several steady state methods, such as guarded hot plate, concentric cylinder, and concentric sphere as related in Woodams and Nowrey, [10] and unsteady state methods, such as line source probe, thermal comparator, and thermistor probe. All of these methods have several advantages and disadvantages, and the sources of error during the measurements for each method were listed in detail in the scientific literature. [11, 12] In Elam et al., [13] the thermal conductivity of three typical crude oils, composed predominantly of aromatic and paraffinic compounds, were measured using the transient hot-wire method. Also, in Lee and Irvine Jr., [14] the thermal conductivities of nonNewtonian fluids in a shear field were determined, where a coaxial cylinder apparatus with a rotating outer cylinder was used to establish the velocity field in the test fluid, while Komiya and Maruyama [15] proposed a novel technique for short-time measurement of mass diffusion coefficients in transparent liquids using a counter flow type diffusion cell. The mass diffusion coefficients of water solutions of sodium chloride, sodium chlorate, and L-alanine over a wide range of concentrations were derived from measurement data within the maximum error of ±8.5%. Duangthongsuk and Wongwises [12] related a comparison of the differences between using measured and computed thermophysical properties to describe the heat transfer performance of TiO 2 -water nanofluids. From the previous studies cited, it was note that different techniques can be used for determining thermophysical properties of different products. Some studies about food thermophysical properties' experimental measurement are for processed meat and poultry products as in Marcotte et al.; [16] rice in Zhou et al.; [17] fruits and roots in Alves-Filho et al.; [18] coconut milk in Tansakul and Chaisawang; [19] ice cream in Andrieu et al.; [20] plain yogurt in Kim and Bhowmik; [21] apple, cherry, grape, orange, and tomato juices in George; [22] non-clarified orange juice in Telis-Romero et al.; [23] and meats, fruits, vegetables, milk, and cereals in Polley et al. [24] The food thermophysical properties are strongly dependent on the temperature and chemical composition, therefore, it is almost impossible to determine experimentally and tabulate the thermal properties of foods and beverages for all the conditions and compositions possible, as cited in ASHRAE. [25] Another method of obtaining thermal properties of foods, which is based on the centesimal composition, can be used. This technique calculates the thermophysical properties based on the values for each pure component of the food, such as moisture, fat, proteins, and ashes, which are found in Singh and Heldman. [26] There are several works in the literature that used this method, such as for predicting enthalpy and thermal conductivity of frozen meat and fish products as in Van der Sman, [27] some properties for clarified juices cited in Peacock [28] and stone fruit from Phomkong et al., [29] and mass diffusivity for okara from Lescano and Tobinaga. [30] Also, based on this method, Okos and Choi [31] and Heldman [32] have compiled prediction equations for various food products' thermophysical properties.
Okara is the residue of the soy beverage and tofu production, which is obtained in very large quantities. It consists in a mass with around 75% (w.b.) of moisture content, which contains around 95% of the soy grain solid components; therefore, its nutritional value may be high according to Fikiin and Fikiin. [3] Okara contains, for example, around 22 to 27% (d.b.) of good quality vegetable protein, fibers, and lipids and constitutes a low price product for human consumption in accordance with Chan and Ma, [34] Travaglini et al., [35] and Wang and Calvins. [36] Using okara as a food component is a method of taking profit of its nutritional value and at the same time represents a way of avoiding the environment contamination because of its high biological value. In order to allow the use of okara in other food products, it is indispensable to dehydrate this product to avoid its fast degradation. However, an extensive literature search revealed that very limited data are available for okara. Regarding okara drying, for example, some works have been published, such as the studies of Taruna and Jindal, [37] Tatsumi et al., [38] Wachiraphansakul and Devahastin, [39] and Perussello et al. [40] In fact, the goal of this work is to contribute to obtain thermophysical properties for okara, facilitating the design of processing methods, which make possible its use as a food component.
MATERIALS AND METHODS
Okara was previously extruded in spherical pellets of 5 mm diameter, in an extruder brand WEG (model 22STI, WEG, Jaragua do Sul, SC, Brazil), in order to facilitate the heat and mass transfer. The okara pellets were dried in the fixed bed dryer from 78% (w.b.) until the desirable moisture content of about 3%. During the drying processes, carried out with three different drying air temperatures (130, 150, and 170
• C), the moisture content and the temperature of the pellets were periodically measured in intervals of 30 s. The analysis of moisture content was carried out by the gravimetric method, which consists of submitting the sample to a convection drying in a stove at 105
• C for around 8 h. The temperature profiles were obtained through the measurement of the pellets' temperature with T-type thermocouples. An HP Agilent data acquisition system (model 33250A, Agilent Technologies, SiliconValley, CA, USA) and a computer were also used for data storage. The relative humidity was obtained through the measurements of the air dry bulb temperature (with a thermometer) and wet bulb temperature (with a thermometer with its extremity covered by a humid gauze) and the use of a psychometric chart. The air velocity was measured with a Testo hot wire anemometer (model 445, Testo do Brazil, Campinas, SP, Brazil).
Construction of the Fixed Bed Dryer
The drying equipment used in this study, which is shown in Fig. 1 , is a fixed bed dryer. In order to simulate a fixed bed dryer, an adaptation in a Lab Plant spray-dryer (model SD-05, Lab Plant, North Yorkshire, UK) was made. A cylinder with a diameter of 12 cm that fits in the air exit was built. At the end of the tube, a structure that consists of a 5-cm-height cylinder was encased. This structure has its upper part opened to permit the air flow and its lower part is a drilled net, which accommodates the okara pellets that are being dried. The components of the fixed bed dryer are indicated in Fig. 1 and can be summarized as follows: (1) adjustment, control, and indication of the air temperature; the temperature control is performed by a proportional integral and derivative (PID) controller; (2) operational section of the dryer, which comprises a blower, a compressor, a heater, and a peristaltic pump; (3) air supply tube; (4) extension of the air supply tube, built for this work; (5) fixed bed dryer, where the product is placed during the drying process, also built for this work. Another method for the design and redesign of pneumatic dryers, applied for potato particles that suffered from ignition of resident particles, was proposed in de Best et al. [41] 
Centesimal Composition Analysis of Okara
The centesimal composition of okara (Table 1) was analyzed in a laboratory according to standard techniques, which can be found in Matissek et al. [42] The analysis of moisture content used samples of 3.0 ± 0.5 g, which were conditioned in porcelain capsules and heated in a stove regulated at 105
• C. The protein analysis was carried out by the Kjeldahl digestion method, the fat evaluation was made by the continuum extraction in Soxhlet type equipment, and the ashes analysis or fixed mineral residue was carried out by the mass loss through the incineration of the sample in a mufla stove at 550
• C. The total carbohydrates were calculated by difference, by subtracting from 100 the values found for moisture content, proteins, lipids, and ashes. The tests were performed in triplicate.
Porosity is a key property that influences the thermophysical properties of food products. Its effect on specific heat is negligible, but its effect on density and thermal conductivity can be absolutely meaningful according to Mannaperuma and Singh. [43] Thus, if porosity is not considered inside the product, the heat transfer numerical analyses and, in consequence, the mass transfer during drying can be erroneously obtained. Therefore, the okara's porosity in this study was obtained in the laboratory, using the picnometry technique. The density of two okara samples was measured using a pycnometer of 50 mL. The first sample is extruded okara, the product used in all the experiments. The second sample is okara homogenized in such a way that the air from the extrusion was removed. To remove the air, the okara mass was pressed between two cylinders, in an equipment for pasta formatting. The results of those measurements are presented in Table 2 , and the final result for porosity was calculated by Eq. (1):
During the drying process, the moisture content and water activity (a w ) in the okara pellets are reduced to certain levels. The moisture content and water activity of these samples are key quality factors of okara. Too high moisture content and water activity may lead to microorganism growth and poor quality characteristics, while too low moisture content and water activity may lead to excessive energy consumption and product quality damages. The water activity with different known moisture contents was measured with an Aqualab hygrometer (model CX-2, Decagon Devices, Pullman, WA, USA).
The thermal properties were obtained experimentally from the variable composition of the okara during the drying process. As each process condition tested in this work (time and temperature) influences the water loss of the okara during drying, the thermal properties were evaluated at all air temperatures tested. Density and thermal conductivity were obtained from the centesimal composition considering the porosity (ε). Density is multiplied by a factor (1 − ε). In order to account for the porosity effect, this adjustment on density corrects also the thermal conductivity, which is calculated using density.
In order to obtain density, specific heat, and thermal conductivity, the properties of each okara pure component (water, carbohydrates, fats, proteins, ashes) obtained by George [22] were used, in proportion of its respective mass fraction, as described in Eqs. (2)- (5):
The thermal diffusivity, α(m 2 /s), was calculated by Eq. (6) from the values of the thermophysical properties obtained previously in this section:
The heat transfer coefficient by convection, h(W/m 2 K), was calculated by Eq. (7) according to Incropera and Dewitt: [44] 
The Nusselt number, which is required in Eq. (7), was obtained from an empiric correlation between Nu and the Reynolds number, Re, also according to Incropera and Dewitt: [44] Nu = 0.37 Re 0.6 ,
which is used for air flowing on spheres. The Reynolds number, by its turn, was obtained by:
Air density and viscosity were obtained from Tatsumi et al., [38] in a function of the drying air temperature measured with T-type thermocouples. The mass transfer coefficient, h m (kg/m 2 s), was calculated according to Holman [45] by:
The apparent diffusivity (D ap ) of the water in the okara for each process condition, after all the former parameters were calculated, was obtained by an inverse method called differential evolution optimization proposed in Storn and Price [46] and Storn, [47] by utilizing the software MATLAB © (The Math Works Inc., Natick, MA, USA). The equilibrium moisture content values for each drying condition used were also obtained. The equilibrium moisture content, X e , was obtained by using a correlation for okara between X e and the relative humidity of the drying air (RH), according to Lescano et al., [48] as Eq. (11) shows:
where m, K, q, and w are fixed parameters for okara, whose values are 0.977, 0.148, 1.833, and 0.474, respectively.
EXPERIMENTAL RESULTS
In wet and dry basis, respectively, the analysis of the centesimal composition of okara provided the results presented in Table 1 . The calculation of the dry basis composition from the wet basis composition was done by Eq. (12) . The high nutritive value of okara becomes evident when one observes the values for dry basis composition. For example, almost 40% of the solid fraction is composed by proteins:
The result for okara porosity, obtained experimentally by the method cited in Section 2.2, was (23.68 ± 0.81)%.
Obtaining the Moisture Content Profile for Okara
The conditions of the air supplied by the spray-dryer are variable with temperature. The results, obtained for drying air relative humidity and velocity, are described in Table 2 . One can observe that the air relative humidity decreased with the increase in temperature. The air velocity, however, increased with temperature. It must be noted that due to the spray-dryer limitations, the air velocities obtained experimentally are extremely low. For this reason, it was not possible to analyze the air velocity influence on the drying time. However, it is known that if it was possible to use velocities of the order of 1 m/s, as is usual in food drying processes, the drying time would decrease considerably. According to Desrosier, [49] the use of drying air at constant temperatures with a speed of 1.15 m/s reduces drying time in half in comparison with the still air. When using 2.3 m/s, the drying rate triples. Axtell and Bush [50] suggest air velocities between 0.5 to 1.5 m/s to dry food products. Figure 2 shows the moisture content versus time for each drying temperature used. The increase in air temperature reduces drying times, which were 9, 10, and 15 min for 170, 150, and 130
• C, respectively. In up to 4 min of drying, the behavior of the curves is similar, but after this period the effect of temperature is more pronounced on the drying time reduction, especially to the process using 170
• C. That happened because the air relative humidity is lower to this process (0.77% versus 1.17%) and the air velocity is higher (0.073 m/s versus 0.051 m/s). Such variables, i.e., relative humidity and velocity, are a function of the air temperature and could not be set to a different value due to the equipment limitations. Although they were only measured, air temperature was controlled during the whole drying process by the PID controller of the spray-dryer. In spite of the differences on drying times, all the curves presented the same tendency, i.e., the moisture content decreases faster until 5 min of process and after this the drying speed decreases. The moisture transfer velocity decreases because, as the water content to be removed reduces, the reminiscent water in the product has to migrate to its surface and also because the water is stronger attached to the other food components, being more difficult to be removed. Knowing that the water activity (a w ) of a food must be decreased until approximately 0.3 in order to avoid the microbiological and enzymatic degradation reactions, an equation that correlates a w and moisture content for okara was obtained. Okara samples with different values of moisture content were submitted to the measurement of a w in a moisture analyzer (Aqualab) and a polynomial fit was done using the software MATLAB © . The results obtained for the water activity are illustrated in Fig. 3 
According to Eq. (13) and Fig. 3 , in order to obtain a product with minimized degradation rates, i.e., with a w 0.3, it is necessary to dehydrate okara until a moisture content of 3.02% w.b. (0.031 kg/kg d.b.). This way, the drying tests using temperatures of 170, 150, and 130
• C lasted half a minute less than if the pellets were dried until they achieved the equilibrium moisture content, that is, they lasted 8.5, 9.5, and 14.5 min, respectively.
Obtaining the Thermophysical Properties for Okara
The values of the okara thermophysical properties are presented in Figs. 4-7 in function of the process time and moisture content. One can observe that the okara density increases with time, while the specific heat, thermal conductivity, and thermal diffusivity decrease with time. This means that as the moisture is removed from the product, the heat transfer turns more difficult; hence, the energetic demand for the process increases. Observing the curves of thermal properties versus time, it is evident that the okara properties for 170 and 150
• C present nearer values than the comparison between 150 and 130
• C, although the temperature interval is the same, i.e., 20
• C. This result was obtained because the air speed difference between the temperatures of 150 and 170
• C is almost three times greater than the difference between 130 and 150
• (0.007 m/s versus 0.022 m/s), although the difference between the relative humidity is roughly equal (-0.40% versus -0.39%). This fact led to a major similarity between the moisture content of the products being dried at 130 and 150
• C, explaining the results discussed, since the thermal properties are strongly dependent on food composition and moisture content. The values found for density (Figs. 4a and 4b) are between 825 and 1125 kg/m 3 , increasing along the drying process and with the decrease on moisture content. These results were expected, since the solid fraction of okara presents a larger density than that of the water.
Specific heat places between 1500 and 3500 J/kg·K, decreasing along time and with the decrease on moisture content. In fact, according to Sweat, [8] there is a strong linear correlation between specific heat and water content, especially over the highest range of water contents. Over the lower range of water contents, it depends more on the other constituents of the food. The very same result is observed in Fig. 5b , in which specific heat varies almost linearly with moisture content until the value of 2 kg/kg, after this the correlation becomes polynomial. The values found for thermal conductivity are between 0.20 and 0.45 W/m·K. In Figs. 6a and 6b the thermal conductivity decreased with process time and with the decrease on moisture content, which is coherent with Sweat. [8] Besides, thermal conductivity of porous foods depends strongly on the porosity, which was accounted in this work. Similar results for 25 types of fresh fruits and vegetables, considering also porous materials, such as apples or beans, were reported by Sweat, [8] with values varying from 0.1 to 0.8 W/m·K.
The thermal diffusivity (Figs. 7a and 7b) , by its turn, represents the speed of the product's temperature response in function of the drying air temperature, and the values found its place between 0.85 × 10 varied similarly as thermal conductivity, like it was reported by Sweat [8] in regards to food products in general.
In summary, the values obtained for these thermophysical properties of okara are coherent with the values found in ASHRAE [25] for food products with centesimal composition alike.
The polynomials that correspond to the properties above in function of moisture content for the range of temperatures used in this work are presented in Table 3 . These polynomials were fit using the software MATLAB © . The results for the air velocity, Re, and Nu for all drying temperatures tested experimentally are found in Table 4 . The values of Re and Nu increase with the increase in drying temperature, and indicate that the inertial forces are about 10 times higher than the viscosity forces, i.e., the flow is laminar. Arrieche [51] studied the phenomenon of fluid-particle interactions for spheres in a drying process by forced convection. The air has a velocity called v ∞ , which is zero at the stagnation point and increases as the fluid surrounds the body, along the zenith angle, θ , forming a boundary layer. The higher the Re values, the smaller the angle theta in the separation of the boundary layer, influencing the convective drying of materials. This is the major reason why industry uses artificial processes with forced convection to decrease drying time like Vilela and Artur. [52] This explains also why the process at 170
• C has a higher rate of moisture removal from the okara pellets. The results for X e , h, h m , and D ap for all the drying temperatures tested are presented in Table 5 . The equilibrium moisture decreases with the increase in temperature, i.e., it is possible to obtain drier products using higher temperatures. The influence of temperature on the heat transfer coefficients and in the mass transfer coefficients is remarkable, as obtained by several works regarding food drying. The mass transfer coefficient in the final stages of drying was lower for the tests accomplished at 130
• C and reflects a great influence of the internal resistance to the mass transfer in operating in a lower temperature. The mass diffusivity of the water inside the okara pellets is also directly proportional to the air drying temperature, favoring drying at higher temperatures. Among the values used, the mass diffusivity is of the same order of magnitude and is placed inside the interval expected for okara or foods with composition similar to it, which varies from 10 −9 to 10 −11 m 2 /s, according to Lescano and Tobinaga. [30] Considering that D ap represents the capacity of the water to migrate from inside the product to its outside in function of the temperature and velocity of the drying air, if the equipment used made possible the use of the same air velocity for the different temperatures tested, it would be expected that the difference on the diffusivity as a function of temperature would be larger.
CONCLUSIONS
In the present work, the thermophysical properties of okara were obtained from equations that utilize its centesimal composition, the moisture content profiles, and the drying air properties, obtained experimentally during the drying processes. The results showed that as the product is being dried, the energetic dispends enlarge, which is represented by a decrease of the properties specific heat, thermal conductivity, and thermal diffusivity along the drying process. The equations used to calculate the thermophysical properties of okara presented satisfactory results, providing values inside the range expected for products with centesimal composition similar to okara, such as skim, found in ASHRAE. [25] The values found for density place between 825 and 1125 kg/m 3 , specific heat varied from 1500 to 3500 J/kg·K, thermal conductivity placed between 0.20 and 0.45 W/m·K, and thermal diffusivity varied from 0.85 × 10 −7 to 1.20 × 10 −7 m 2 /s for the range of drying air temperatures used in this work. Regarding the values found for the heat transfer coefficient (h), mass transfer coefficient (h m ), and apparent mass diffusivity (D ap ), which depend strongly on the drying air conditions used (such as temperature and velocity), the results obtained for okara also place inside the expected range. 
